INTRODUCTION
Observations of pelagic Sargassum date back centuries (Dickson 1894) , sparking debate over its origins and life history for much of that time (Deacon 1942) . The species of the brown macroalgae (Phaeophyceae) Sargassum, S. fluitans and S. natans, form floating aggregations or 'rafts' over much of the tropical and subtropical North Atlantic. Both species are holopelagic, having no attached benthic stage in their life cycle, and reproduce solely vegetatively by fragmentation (Butler et al. 1983 , Stoner 1983 .
Changes in Sargassum abundance from the early to the late 20th century have been suggested but ABSTRACT: Pelagic Sargassum (S. fluitans and S. natans) is endemic to the tropical and subtropical North Atlantic, where it provides habitat for a diverse and economically important ecosystem. Here, we investigate what controls the Sargassum seasonal distribution using a coupled modelling approach that integrates output from a data-assimilating 1/12°H YCOM simulation, a 1/4° coupled HYCOM−biogeochemical model, and individual-based Lagrangian Sargassum growth models. Passively advected, buoyant particles with no Sargassum physiology aggregate in the central North Atlantic Subtropical Gyre at annual time scales and do not show distributions consistent with satellite observations of Sargassum. However, at shorter time scales, advection alone can explain up to 60% of the following month observed distribution during some periods of the year. Connectivity between the tropical Atlantic and Sargasso Sea is largely one-way, with the Sargasso Sea acting as a 'dead end' for Sargassum. Adding growth, mortality and a simple formulation of reproduction through fragmentation to the passive advection of Sargassum particles generates distributions that match observations with 65 to 75% accuracy across all seasons. Incorporating both ocean circulation and Sargassum physiology appears to be key in successfully reproducing the seasonal distribution of biomass. We propose a conceptual model of the Sargassum seasonal cycle that incorporates new information about a population in the tropical Atlantic. Additionally, we suggest that the Gulf of Mexico and Western Tropical Atlantic are regions whose Sargassum populations may disproportionately influence the basin-wide biomass.
KEY WORDS: Pelagic Sargassum · Macroalgae · Lagrangian transport have proven difficult to verify (Parr 1939 , Stoner 1983 . Seasonal variability in Sargassum distribution and biomass coupled with seasonality in the sparse observations led to this perceived decline (Butler & Stoner 1984) . More recently, Sargassum distribution throughout the annual cycle has been mapped via satellite (Gower & King 2011 , Gower et al. 2013 , Wang & Hu 2016 . The remote sensing derived distributions also suggest that changes in biomass and southern range expansion have occurred in recent years (Gower et al. 2013 , Wang & Hu 2016 , and field observations suggest this may be influencing species and morphotype composition in the Caribbean (Schell et al. 2015) . In situ observations confirm that Sargassum natans occurs off the coast of Brazil, south of the presumed range (Széchy et al. 2012 , Sissini et al. 2017 . Franks et al. (2016) suggest this is related to a recirculation in the tropical gyre. These range and biomass changes coincide with an increase in reports of beaching events affecting fishing and tourism from Africa to the Caribbean (Franks et al. 2011 , Smetacek & Zingone 2013 , which prompted the development of a satellite-based Sargassum early warning system for the region (Webster & Linton 2013) . Understanding what environmental factors are controlling recent variability is difficult, however, without a better understanding of what is driving variability in Sargassum distribution on seasonal time scales.
Remote sensing algorithms for Sargassum exist for sensors such as the Medium Resolution Imaging Spectrometer (MERIS) and Moderate Resolution Imaging Spectroradiometer (MODIS) satellites be cause floating vegetation causes enhanced reflect ance in the near-infrared (Gower et al. 2006 , Hu et al. 2015 . Satellite observations (Gower et al. 2006 , Gower & King 2011 from 2002 through 2010 demonstrate a seasonal cycle in Sargassum distribution initiating in April when integrated basin-wide biomass is at a minimum. High abundances occur in the Gulf of Mexico in the spring and early summer, in the Gulf Stream extension region in late summer and early fall, and in the southern Sargasso Sea in the winter and early spring (Fig. 1) . High abundances are also suggested (but with little direct validation) in the tropical gyre in late spring through fall. Subsequent years show the influence of the high biomass seen in the western tropics (Gower et al. 2013 , Wang & Hu 2016 .
Buoyant Sargassum is expected to passively follow surface currents and local eddy fields (Zhong et al. 2012) , although there are suggestions that inertial effects acting directly on Sargassum rafts could cause their trajectories to differ from that of the surrounding water and influence their distribution (BeronVera et al. 2015) . However, pelagic Sargassum has a minimum doubling time of 9 to 13 d, depending on species (Hanisak & Samuel 1987) , which is short relative to advection time scales. Thus, Sargassum may not act as an entirely passive tracer, since its distribution can be influenced by growth and mortality in addition to advection. Sargassum primary production varies across its range (Carpenter & Cox 1974) , and is generally higher in neritic waters with higher nutrient availability (Lapointe 1995) . Pelagic Sargassum underpins a diverse ecosystem (Butler et al. 1983 , Laffoley et al. 2011 , Huffard et al. 2014 ) supporting a wide range of fish species (Hoffmayer et al. 2005 ) and playing a role in the migration of juvenile sea turtles (Carr & Meylan 1980 , Witherington et al. 2012 . Some evidence suggests that the macroalgae may even be responsive to excretion of ammonium and phosphorus from associated fish species (Lapointe et al. 2014 ). This raises the question of the extent to which the observed seasonal pattern is a result of passive advection of Sargassum around the Atlantic, versus due to growth and mortality of Sargassum rafts as they encounter changing environmental conditions.
In this study we use a numerical model to investigate what controls the distribution and seasonal cycle of Sargassum in the North Atlantic and Gulf of Mexico. Physical circulation and Lagrangian particle advection models are used to estimate the contribution of advection to the Sargassum seasonal distribution. This is accomplished via analysis of particle trajectories, particle densities, and regional connectivity. The influence of Sargassum growth and mortality is examined by adding an algal physiology model, coupled to a biogeochemical model embedded within the circulation. The simulations suggest spatial and temporal variability in Sargassum growth regions strongly influences basin-wide seasonal biomass patterns.
METHODS

Data description and validation
Sargassum biomass is derived from satellite imagery from the European Space Agency MERIS sensor (Rast et al. 1999) . A climatology of Sargassum biomass is generated from monthly 1° gridded MERIS counts from 2002 to 2012, with an estimated 1400 t (wet weight) of Sargassum per grid per MERIS count (Gower & King 2011 , Gower et al. 2013 . The resulting distribution is smoothed with an adjustable-tension continuous curvature spline with a tension factor of 0.25 (Fig. 1) . The climatology illustrates the seasonal changes in Sargassum biomass in the key habitat regions of the Gulf of Mexico and Sargasso Sea, as well as potentially high Sargassum abundance in the tropics.
Both MERIS and MODIS observations show what appears to be a regime shift in Sargassum in the tropics, initiating with a high biomass event in 2011 (Gower et al. 2013 , Wang & Hu 2016 . However, smaller amounts of Sargassum have been detected in the region over the entire satellite record (Gower & 3 Fig. 1 . Relative Sargassum biomass based on monthly satellite climatologies from Gower & King (2011 ), Gower et al. (2013 . Each panel represents a different month, with the seasonal cycle initiating in the spring when integrated basin-wide biomass is at its annual minimum King 2011 , Wang & Hu 2016 (Siuda 2011) . In spring, low to no Sargassum is found in tows along 65°W from 20 to 40°N and higher densities are found south of 32°N and west of 65°W (Siuda 2011 ). This pattern is consistent with the May satellite climatology (Fig. 1) , which has the lowest densities in the Sargasso Sea, with some moderate biomass to the south and west. In fall, low densities are found in tows south of 30°N along 55 to 60°W, and higher densities (0 to 3 g m −2 ) are found between 30 and 40°N and extending towards the US East Coast from 55 to 70°W. This is broadly consistent with the September to November satellite climatologies, when moderate to high density regions of Sargassum, defined as having greater than 1% of maximum possible MCI signal, extend over the largest area of the Sargasso Sea. This band of high biomass stretches from 35°N to nearly 50°N, beyond the range of direct observations. Satellite detection of abundant Sargassum stretching north from the eastern Caribbean to near 24°N from 60 to 65°W in September is less consistent with the limited ship-based data, which suggests low Sargassum biomass in this location.
Within the Gulf of Mexico, higher satellite observed densities are seen in spring (March) and increase to over half the area of the Gulf in July (Fig. 1) and August (not shown). Like the Sargasso Sea, the Gulf of Mexico also experiences seasonal periods of low or undetectable Sargassum densities, but in January rather than May. In contrast, the Caribbean and central tropics (east of 60°W, south of 15°N) have Sargassum year-round. In these regions, the extent of the moderate to high densities are the largest in the late summer (September).
Physical model description
Daily output from a data-assimilating Hybrid Coordinate Ocean Model (HYCOM) simulation (Chas signet et al. 2009 ) is used to advect Lagrangian particles. This is an eddy-resolving (1/12°7 km resolution) global model run by the Naval Research Laboratory (HYCOM.org GLBa0.08 expt_ 90.9). The model has 32 hybrid vertical layers, 11 of which are fixed-depth in the upper 60 m of the water column including a 1 m thick surface layer. The high surface vertical resolution is ideal for modeling Sargassum, whose buoyancy begins to diminish at depths below 35 m and is fully compromised below 120 m (Johnson & Richard son 1977) . Surface forcing, including wind speed, wind stress, precipitation and heat flux is from the Navy Operational Global Atmospheric Prediction System. The shortwave radiation forcing has an analytic diurnal cycle superimposed. Three-dimensional multivariate data assimilation is performed via the Navy Coupled Ocean Data Assimilation system (Cummings 2005 , Cummings & Smedstad 2013 .
The HYCOM particle-tracking code , based on particle advection schemes from the Miami Isopycnal Coordinate Ocean Model (Garraffo et al. 2001 ) is used to advect idealized Sargassum rafts. Daily instantaneous model velocities, interpolated to 4 h intervals using second-order Runge−Kutta, are used as input for the Lagrangian particle model, which treats particles as water parcels with respect to inertial forces. Solutions are insensitive to realistic values of diffusion (< 1% difference in pairwise particle density at 60 d time scales with added horizontal turbulence velocity variance of 4.63 × 10 −6 m 2 s −2
). The code is modified for this study to allow specification of float buoyancy (here set to 0.1 m s −1 following Johnson & Richardson 1977) . This is achieved by adding this rate of rise to the vertical velocity after interpolation of the velocity fields from HYCOM to the particle location. Additional modifications allow for running particles backwards in time by reversing the time step and velocities. All particles in this study are initialized in the uppermost meter to represent buoyant healthy Sargassum rafts. Experimental information, including particle release dates and tracking times are specified in Table 1 . To mitigate the effects of interannual variability, we launch particles in a total of 8 different model years, 2 at 1/12° resolution for physics-only experiments and 6 at 1/4° resolution (Table 1) . We track individual particles for 2 yr after initialization. Following best practices for particle models of bio-logical-physical interactions we quantitatively evaluate the optimum particle number for model experiments (North et al. 2009 ). The number of model particles required to obtain stable statistics is determined using the fraction of unexplained variance (FUV) method described by Simons et al. (2013) . Particle initializations range from 20 to 280 particles daily, randomly distributed over the domain of interest over 2 yr (Fig. 2) . Particle density distribution (PDD) is calculated as the number of particles of a given age in a 2° box divided by the total number of particles released. The FUV is calculated as 1 − r 2 of the linear correlation coefficient between the PDD at each intermediate total particle count and the final total count of particles. At 60 d (Fig. 2a ) FUV does not reach the acceptable threshold of 0.05 until there are more than 30 000 particles. As particles approach a year of deployment time variability decreases and FUV is < 0.025 with only 15 000 particles. Low particle number leads to variability in FUV, with a decreasing trend as particles age (Fig. 2b) . At particle numbers over 50 000, FUV is within acceptable limits and shows little change with particle age. An initialization of 51 100 particles (140 d ) is used as a baseline particle number for our simulations because it is highly correlated (FUV < 0.01) with a larger doubled distribution of 280 particles d −1 over particle ages ranging from 30 to 360 d in the region of interest.
Biogeochemical model description
To understand the impact of processes such as light and nutrient availability on Sargassum, we developed a biogeochemical model. This is nested within a 1/4° HYCOM simulation with an Atlantic domain from 15°S to 62°N and 100°W to 15°E. A 6-hourly surface forcing is based on the European Centre for MediumRange Weather Forecasts (ECM -WF) reanalysis (Uppala et al. 2005) and simulations are run for years 1983 to 1988.
The biogeochemical model consists of 2 nitrogen species (NO 3 , NH 4 ), dissolved inorganic phosphorus (DIP), 2 phytoplankton (an open-ocean phytoplankton assemblage, and a diazotroph mod- eled on Tricho desmium), 1 zooplankton, and 2 detrital compartments of different sizes and remineralization rates. All of the living compartments have fixed N:P ratios, while the detrital compartments are allowed variable stoichiometry. Model structure is adapted from the work of Fennel et al. (2006) , with addition of inorganic phosphorus, diazotrophy, and changes to phytoplankton light response after Hood et al. (2001) and Coles & Hood (2007) . The Polar Science Center Hydrographic Climatology (Steele et al. 2001 ) is used for nutrient initial conditions and boundary re laxation. Model equations are described in the Supplement (www. int-res. com/ articles/ suppl/ m599 p001 _ supp. pdf). Normalized root mean square (RMS) error between model fields and SeaWiFS monthly chl a climatologies ranged from 0.009 to 0.016 (O'Reilly et al. 2000 , SeaWiFS Project 2003 . These residuals are slightly lower than those for sea surface temperature.
Sargassum model description
A Sargassum model runs within each Lagrangian particle, with each particle representing a superindividual aggregate of Sargassum. At each time step, Sargassum is advected by the particle model, and then growth and mortality are calculated based on ambient conditions at the particle location. This physiology model represents a functional group of pelagic Sargassum rather than either species specifically, so rates are selected from the range for both S. fluitans and S. natans during parameter optimization. Sargassum super-individuals within each Lagrangian particle are modeled with a macroalgal framework that includes light (I), temperature (T), and nutrient conditions (N) based on the biogeochemical model.
(1) Mortality (m) here is the aggregate effect of senescence and grazing, where μmax S is Sargassum maximum growth rate and m is Sargassum mortality rate.
Because the Lagrangian approach allows for tracking the fate of discrete aggregations of Sargassum, modeled light availability accounts for the growth of epiflora and epifauna as a function of super-individual age: (2) with an exponential decay in light response at increasing ages:
where a ref is the reference age for Sargassum light limitation due to colonization by epiflora and epifauna.
Nutrient uptake is modeled as a Monod function:
where N is the limiting nutrient (NO 3 , NH 4 , or DIP). Growth experiments suggest little effect of temperature on Sargassum growth above 18°C (Carpenter & Cox 1974) , with reduced growth below this temperature for both species (Hanisak & Samuel 1987) . S. fluitans may experience low-temperature stress starting at 24°C (Hanisak & Samuel 1987) , however observations of Sargassum below 18°C showed signs of distress and wilting (Winge 1923) . For this reason, we implement a temperature dependence with a threshold for growth at 18°C. (5) The Sargassum model also includes pressureinduced sinking. Buoyancy of Sargassum floats is diminished at relatively shallow depths, and they are fully compromised by excursions to 120 m (Johnson & Richardson 1977 , Woodcock 1993 . Any Sargassum particle that descends below the maximum depth of float integrity (z max ) becomes too dense to recover and all biomass is lost via sinking.
We perform parameter optimization because several model parameters have few or no reported values in the literature for pelagic Sargassum, and because we are using a Sargassum functional group rather than explicitly modeling both species. A 3-way optimization tests 12 possible values for each parameter (1728 total parameter combinations) to select the parameter values that minimize error with satellite fields. Each model solution is compared with observations by binning both the satellite climatologies and model output onto an identical 2° grid and computing the RMS difference. This RMS error is averaged over the model domain monthly. The optimal parameter values, used in all subsequent simulations, are shown in Table 2 . Note that the nutrient half saturation value is likely biased to be low because the biogeochemical model tends to have slightly low surface nutrient concentrations.
Particle model validation
HYCOM model fields have been widely utilized in studies of particle dispersal (Coles et al. 2013 Rypina et al. 2013 , Stukel et al. 2014 and model validation studies have been published for the global domain (Chassignet et al. 2003 (Chassignet et al. , 2009 ). Here we concentrate on how well the model particles compare with the limited set of surface observational drifter data to ensure the surface currents relevant to Sargassum dispersal are captured reasonably, and to identify potential regions of divergence. Drifter observations for drogued drifters within the model domain region are obtained from the Global Drifter Program Drifter Data Assembly Center (Hansen & Poulain 1996) . Model particles are launched to match initial drifter observations, with 7 particles initialized on the same day of the year and distributed within 3 km of each observed launch. These particles are tracked for 1 yr (Fig. 3) .
After 2 mo, the distributions of observed drifters (Fig. 3a) and model particles (Fig. 3b) differ by less than 1% particle density in any given 2° × 2° bin. At this time scale, there is slightly higher retention of observed drifters in the Gulf of Mexico and near the Bahamas, but both model and observed drifters show the highest densities in the northwest region of the domain off of Georges Bank. Although the number of observed drifters with a full year of tracking data is low (n = 310), there is good agreement between the model and observations (Fig. 3c) . The bulk of the drifters aggregate in the central gyre after 1 yr. Observed drifters show slightly greater spread, especially in the region northwest of the Gulf Stream, where eddy activity in the model may be resolutionlimited. However, because model particles are removed when they go aground, particle density in the model tends to be very low near to the coastline, which explains some of the discrepancy.
RESULTS AND DISCUSSION
The role of advection
If Sargassum is initially evenly distributed throughout the Atlantic at low densities below satellite detection limits, as a result of winter mixing processes for example, seasonal variations in advection could potentially generate aggregations similar to the observed seasonal patterns. Lagrangian particle experiment R-ISO (Table 1 ) tests this hypothesis.
Randomly seeded, surface-restricted particles are launched every day for 1 yr over the whole domain (Fig. 4a) . Transport of particles from the tropics through the Caribbean archipelago helps to maintain some particle density in the Gulf of Mexico at 2 mo Table 2 . Sargassum physiology model parameters time scales (Fig. 4b) . After 6 mo ( Fig. 4c) , particle density is reduced by half in the Gulf of Mexico. Particle densities are also reduced at the northern and southern extents of the domain, due to loss of particles from the domain to the north, and to inflow of waters devoid of particles from the south. Particles are lost from the coast of Africa and the tropics due to upwelling and divergence in the Tropical Gyre and Guinea Dome (near 20°W, 15°N). After 1 yr, there is a strong tendency for particle aggregation in the North Atlantic Subtropical Gyre (Fig. 4d) . At this time scale, particle densities in the central gyre have increased by an order of magnitude, while ecologically important regions such as the Caribbean and Gulf of Mexico are almost completely devoid of particles. The particle distribution resembles that of surface plastics in the region (Law et al. 2010) due to convergent Ekman flow, rather than the observed Sargassum distribution. We subsequently examine each of the following assumptions: that Sargassum is highly buoyant and surface-restricted, that Sargassum exists at low densities throughout the domain, and that Sargassum behaves like a passive particle. The assumption that Sargassum is surfacerestricted is tested first. Sargassum aggregations are frequently observed drifting subsurface. Small-scale, wind-driven features such as Langmuir cells can drive them as deep as 100 m (Johnson & Richardson 1977) , and wind speeds as low as 4 m s −1 can result in subsurface Sargassum (Woodcock 1993) . In experiment R-3D, the randomly initialized particles are neutrally buoyant 3-dimensional particles, and experiment R-3DB added positive buoyancy of 0.1 m s −1 . Both of these simulations resulted in particles aggregating in the central gyre at long time scales similarly to R-ISO (not shown). Particle density distributions for these 3 experiments converged after 6 mo, with pairwise FUV < 0.05 after 1 yr. At long time scales, particles initialized at the surface aggregate in the central gyre due to Ekman transport whether they are surface-restricted, neutrally buoyant, or slightly positively buoyant.
To test whether the Sargassum seasonal cycle is dependent on initial conditions, we initialize model particles based on the derived satellite climatologies. Particles are initialized daily in a randomly generated pattern within contours where MCI > 1% of maximum. Simulations with surfacerestricted (C-ISO), neutrally buoyant (C-3D) and positively buoyant (C-3DB) particles initialized in accordance with monthly satellite climatologies of Sargassum all yield similar aggregated particle densities in the gyre at time scales of 6 mo or greater. Surfaceconstrained particles (Fig. 5) have slightly higher densities in the northern portion of the subtropical gyre However, all 3 experiments result in the same pattern of aggregation in the gyre despite their observationally determined initial condition. At shorter time scales, particles initialized in this way more closely match observations, and we examine monthly distributions to determine the degree of short-term advective control on Sargassum. We track model particles which originate within a given monthly observed distribution over a 2 mo period to determine what fraction remain within the satellite derived contours of Sargassum observations 2 mo later (e.g. Fig. 6b in September). Observed GDP drifters (Hansen & Poulain 1996) in the domain are also analyzed with an identical method (Fig. 6a) . Match rate for particle location is calculated by counting particles within boundaries defined by a 1 km buffer around the 1% contour of MCI from the satellite climatology. This match rate is normalized to the total number of drifters or particles in the domain. The potential maximum match rate is expected to be below 100% due to discrepancies in comparing individual years to a climatology, limitations of model resolution, and small numbers of observed drifters. The match rate is bimodal for both observed and modelled drifters (Fig. 7) , with a peak in late winter and a stronger peak in late summer/early fall. Although the sample size for observed drifters is small (fewer than 10 drifters are present in Sargassum-dense areas in some mont hs), the overall pattern is consistent with our Lagrangian particles. These match rates are much higher and more strongly seasonally varying than the distributions for all observed drifters in the domain or for randomly distributed model particles (Fig. 7) . Examining 3 mo and longer time intervals continues to show a distinct peak in match rate until time scales exceed 6 mo. Beyond that time period, the overall match is low and variable. After a full year, only 15% of the particles initialized in Sargassum-dense regions are still consistent with Sargassum observations. Thus, initial Sargassum distribution influences the final distribution for up to 6 mo.
The seasonality of the match rate indicates that processes other than advection are in flu encing the Sargassum distribution. Ele vated match in the winter (months 2 to 4) is consistent with Sargassum experiencing lower temperatures and suppressed growth (Hanisak & Samuel 1987) , causing physical transport to explain more of the spatial distribution. A maximum match of 59% of model particles (Fig. 7b) occurs in the month of September, indicating another period where advection plays a large role in determining the Sargassum distribution. The subtropical water column is strongly stratified in September, leading to low nutrient conditions and reduced vertical mixing which make it more likely that surface transport rather than growth is controlling the Sargassum density. Periods of minimum match rate in December and June indicate times when Sargassum physiology may be more important in setting its distribution. Gower & King (2011) proposed that the Sargassum seasonal cycle begins in the Gulf of Mexico in March-April with Sargassum growth advected out to the Atlantic, where it eventually senesces about a year later in the southern Sargasso Sea. To evaluate this hypothesis, we track buoyant, 3-D particles initialized in the Gulf of Mexico in experiment C-3DB, to quantify what fraction exit into the Atlantic within 1 yr, and whether there is a seasonal pattern. Connectivity between the Gulf of Mexico and the Sargasso Sea (Fig. 8) is high, with 29% of particles reaching the Atlantic within 1 yr. Particles are 5 times as likely to make this passage within 3 mo of launch as they are at longer time scales (Fig. 8a) . The seasonal peak in particles crossing into the Atlantic in August (Fig. 8b) is a result of the large Sargassum biomass observed in the Gulf of Mexico in the spring and early summer exiting the region at this 3 mo time scale. However, with less than 1/3 of Sargassum exiting the Gulf within 1 yr, there must be robust growth of Sargassum after leaving the Gulf or additional seeding from other sources to match the densities seen in the northern Sargasso Sea in the fall.
However, the Sargassum originating in the Gulf of Mexico does not contribute to high density of Sargassum in the tropics. Trajectories of randomly seeded surface particles initialized in the Gulf of Mexico (Fig. 9a ) and the Caribbean (Fig. 9b) remain exclusively north of 10°N after 1 yr. Sargassum originating in the tropics (Fig. 9c) does reach the Caribbean and Gulf of Mexico at this time scale. Even accounting for transit times longer than 1 yr, Sargassum from the Gulf of Mexico does not reach the tropics, since the convergent North Atlantic Subtropical Gyre is essentially a dead end (Fig. 9d) . Connectivity analysis shows that over 92% of particles launched in the Caribbean in the spring (that did not run aground) are advected into the subtropical gyre after 1 yr. For the western and eastern Gulf of Mexico 54% and 81% of particles, respectively, are found in the subtropical gyre after 1 yr, while the rest remain within the Gulf. None of these regions export particles to the tropics at any time scale from 30 to 360 d. This suggests that a southern or eastern source of Sargassum is necessary to account for biomass in the tropics and Caribbean. This is supported by the connectivity between the Western Tropical Atlantic, which exports particles to the tropics (77%), but also to the Gulf of Mexico (5%) and Caribbean (8%), with the remainder entering the subtropical gyre.
To better understand the connectivity between regions and to potentially highlight source regions of Sargassum we conducted an experiment in which we ran particles backwards in time (C-BK). Particles are initialized using the Sargassum monthly climatology for each month, and run with a negative time step for 60 d (Fig. 10) . The central and eastern subtropical gyre is largely devoid of particles, confirming the pattern seen in Fig. 9d where particles tend to remain confined to that region. The highest densities of particles are found along the coast of Brazil and along the equator, suggesting again the potential for a southern source for Sargassum in the tropics. These results are consistent with recent evidence of links between the equatorial population and beachings of Sargassum in the Caribbean (Franks et al. 2016) . Of particular interest, our results suggest a pathway for connectivity between the putative large equatorial population (Gower et al. 2013 ) and the Caribbean and Gulf of Mexico. Even though relatively few particles follow this pathway, over 60% of the particles in the Gulf and Caribbean track back to this hypothetical tropical population.
The time scales associated with the travel of these particles indicate that equatorial Sargassum ob served between December and February could be contributing to the peak in Sargassum biomass in the Gulf of Mexico between May and July. Match percent between particles run backwards for 2 mo and observed Sargassum distributions showed that 50% of particles track back to regions that do not match observations. This suggests that low densities of Sargassum, invisible to satellites, could contribute to blooms over much of the Atlantic as they are advected into regions with favorable growth conditions. 
Sargassum model
To determine the role Sargassum biology plays in driving its seasonal distribution, we apply the Sargassum super-individual model to each particle in a 1/4° HYCOM simulation which is coupled with a biogeochemistry model (simulation R-SAR). We conduct a sensitivity analysis to understand which parameters have the largest impact on the Sargassum model. Single parameter model sensitivity is evaluated for all Sargassum model parameters (Table 2) , focused on a range bounded by ± 10% of reported values, where available. Mortality, nutrient uptake half saturation, and reference age for light limitation are the parameters with the greatest impact on model solutions. The combined impact of grazing and mortality is about a 5% loss d −1
, and Sargassum older than 55 d begins to experience notable light limitation from growth of epiflora and epifauna or from loss of buoyancy.
For Sargassum growth experiments, particles are initialized daily across the model domain for 6 yr. Nitrogen, phosphorus, light and temperature are sampled at each daily particle location and input into the Sargassum physiology model. Particle density maps are similar to the results from 1/12° physics-only simulations indicating that reducing the horizontal model resolution did not significantly alter the particle dispersion characteristics at the spatiotemporal scale of this analysis (Fig. 11a) . The match between model (Fig. 11b ) and observations (Fig. 1d) is greatly improved by including Sargassum biomass from the Sargassum physiology model in the particle density calculation (Fig. 11c) . Biomass is higher in and near regions of high observed Sargassum density, and dramatically reduced in the central gyre where low nutrient conditions are unfavorable for growth. Growth rates approached their maximum of 0.1 d −1 most frequently in the tropics in winter, suggesting a stronger role for nutrients than for light and temperature in controlling Sargassum growth. The percent match between model and observations (Fig. 12a ) is higher when Sargassum physiology is included than for any other simulation. The match rate is also consistently high throughout the year, implying that Sargassum growth and mortality are large contributors to the observed distribution even during periods when advective control is also high.
Because observed Sargassum distribution is patchy, we estimate the best possible model fit to observations by comparing the observed interannual variability to the monthly climatology. We use the RMS error between satellite derived Sargassum biomass for 10 individual years and the climatology to characterize observed variability (Fig. 12b) For the model, RMS differences peaked slightly later in the summer and early fall when Sargassum biomass is starting to diminish in the tropics. On an annual basis, the model biomass falls within the range of variability of the satellite observations.
Sargassum seed populations
This model still underestimates Sargassum biomass in the tropics over much of the year even when nutrient, temperature, and light conditions are favorable. Biomass is overestimated elsewhere. Tropical Sargassum has high growth rates in the model, but is advected away too quickly to allow accumulation of biomass. One scenario that accounts for this missing Sargassum is import from outside our model domain. Observations of pelagic Sargassum off the coast of Africa are relatively recent in the literature (Oyesiku & Egunyomi 2011 , Gower & et al. 2013 ), but evidence from local fishing communities suggests it has been present over at least several decades, although not at current densities (Ackah-Baidoo 2013) . A modest export of Sargassum from a region such as the Gulf of Guinea, combined with favorable growth conditions, could be contributing to the high biomass across the tropical Atlantic (Franks et al. 2016) .
We assess the potential that export from one or several sub-regions of the Atlantic sustains the seasonal distribution of Sargassum in a series of model seeding experiments. Particles are initialized daily in 17 sub-regions with average area of 1.32 × 10 6 km 2 in the Sargasso Sea and along the coastlines on both sides of the basin, at the same density as the wholedomain experiments for 6 yr. Notably, seeding in any of the individual sub-regions yields better match with observed Sargassum distributions than initializing across the entire domain (Fig. 13, gray bars) , again suggesting that although Sargassum has the potential to be dispersed throughout the Atlantic, these dispersed fragments do not appear to be driving the seasonal cycle. The highest match between model and observations is obtained by seeding particles in the western Gulf of Mexico, west of 90°W (RMS difference = 0.36), the southwestern tropical Atlantic between 5°S to 10°N and 40°W to 60°W (RMS difference = 0.35), or in both of these regions simultaneously (RMS difference = 0.34). A closer examination within individual sub-regions shows that while the basin-wide average agreement with observations is similar when seeding in either the southwestern tropics or the western Gulf of Mexico, only the experiment that seeded in both simultaneously reproduces the seasonal pattern in those locations (Fig. 12a) , but still underrepresents peak Sargassum biomass, especially in the Sargasso Sea.
Another possible driver for seasonal changes in Sargassum biomass is vegetative reproduction. As pelagic Sargassum and related species break, new growth is primarily initiated from the residual fragments at apical meristems (Tsukidate 1984 , Hanisak & Samuel 1987 . We expand the model to include vegetative propagation by tracking when each Sargassum particle dies, and resetting its biomass to a small initial condition instead, simulating a small fragment of the Sargassum mat breaking off at that (Thiel & Gutow 2005) , we apply this propagation mode only to Sargassum particles over 1 mo old. This avoids over-representation of biomass in regions with high mortality due to seasonal temperature changes or severe nutrient limitation. We apply vegetative propagation only to particles where the Sargassum has died because fragmentation and growth at other times is assumed to be aggregated with the other biomass in a given particle.
We repeat the 6-yr, full-domain model experiments with vegetative propagation enabled. Simulations with and without this reproductive strategy added have comparable RMS differences of 0.52 and 0.50 respectively, when compared with the monthly satellite climatologies. However, without vegetative propagation the model has a negative bias in mean relative Sargassum biomass of −10 to −40% of the maximum in the western Atlantic and Gulf of Mexico, while the bias with vegetative propagation is much smaller and more centered about the mean (−7% to +1.5%) (Fig. 13, white bars) . Vegetative propagation also yields increased match with observations in seeding experiments with sources of Sargassum in the Gulf of Mexico and southwestern tropics, while allowing increased accumulation of biomass in the Sargasso Sea (Fig. 14) . Without vegetative propagation, local patterns are reproduced but the basin-wide distribution is unrealistic without seeding across the domain because of the difference between the mortality rate and the time scale of advection (Fig. 14a) . The addition of vegetative propagation allows biomass accumulation in the Caribbean and Sargasso Sea from nonlocal sources. Thus, the additive effects of vegetative propagation and localized sources of new Sargassum appear to be key in accurately reproducing the Sargassum seasonal cycle.
CONCLUSIONS
At short time scales of 2 mo or less, advection alone can be responsible for a 60% match between model particles and Sargassum observations, indicating that advection is a central element determining Sargassum distributions in the Atlantic. However, at longer time scales, particles, whether surface, neutrally buoyant, or positively buoyant, aggregate in the subtropical gyre. This aggregation occurs regardless of whether particles are initialized throughout the Atlantic or only in regions with observed Sargassum. Thus, advection is not sufficient to maintain the seasonal pattern of Sargassum biomass across multiple years. This highlights the significance of mortality, growth, and reseeding from putative source regions in maintaining Sargassum's seasonal distribution.
Results of seeding experiments with the Sargassum growth model highlight that the western Gulf of Mexico and the western tropics, especially south of the equator, appear to have a strong role in generating the seasonal cycle. These regions are associated with 2 of the largest rivers discharging into the Atlantic, the Mississippi and the Amazon. Nutrient loading may enhance Sargassum growth locally in these 2 regions, however even under the globally high discharge of the Amazon, inorganic nitrogen falls below detection limits about 200 km from the river mouth (Weber et al. 2017) . Neritic waters near the coastline have also been linked with higher growth rates of Sargassum than in the central Sargasso Sea in observations (Lapointe et al. 2014 ). In this model, that growth is what allows for high Sargassum biomass even in regions that would otherwise have low accumulation due to the circulation.
It is also noteworthy that due to the circulation patterns in the Atlantic, we are unable to reproduce the seasonal biomass pattern without continuous seeding in both key regions, as there are no purely advective pathways for Sargassum from the Gulf of Mexico to reach the tropics at biologically relevant time scales. The backwards-timestep particles and connectivity analysis presented here also support the hypothesis that Sargassum in the tropics has a southern source. Different morphological forms of S. natans appear to be dominant in the Sargasso Sea versus the Western Tropics (Schell et al. 2015) , which is consistent with this two-source hypothesis. Additional observational studies would be helpful in determining if Sargassum biomass is present in the proposed seed regions year-round, and whether the genetic diversity of Sargassum fluitans and Sargassum natans supports this hypothesis.
The Western Tropical Atlantic source region is of particular interest due to its potential role in fueling beaching events in the Caribbean. Reverse-time modeling and observed drifters suggest that Sargassum from recent beaching events in the eastern Caribbean and Brazil may have originated in the equatorial region (Franks et al. 2011 (Franks et al. , 2016 . Biomass in the tropics is highest in the summer, during the period of eastward retroflection of the Amazon plume in the North Equatorial Counter Current. However, there is also year-round connectivity between the Amazon plume and the Caribbean, with water discharged from the Amazon in the spring having the highest probability of reaching the Caribbean (Coles et al. 2013) . The connectivity analysis in this study is consistent with the results of Coles et al. (2013) , and also shows that the connectivity from the tropics to the Caribbean is higher than any other potential source in the Atlantic. This provides a mechanism for a direct link between the elevated Sargassum biomass in the tropics in recent years and the increased reports of Sargassum beaching in the Caribbean.
We propose a scenario where the Sargassum seasonal cycle begins in the spring with growth in the tropics and the western Gulf of Mexico, in agreement with analysis of the satellite observations alone (Gower & King 2011) . Biomass from the tropics gets advected through the Caribbean to the Gulf, supplementing local growth there into the summer. This model highlights how connectivity between the Gulf of Mexico and the Sargasso Sea, in conjunction with direct inputs from the population in the tropics, fuels growth in the Sargasso Sea in summer and early fall. At this point temperature and light constrain growth at the northern extent of Sargassum's range, and advection works to aggregate biomass toward the Sargasso Sea, where much of the biomass is exported in the late winter. Regions of high Sargassum mortal-ity in this model are consistent with observations of Sargassum on the sea floor (Schoener & Rowe 1970) and warrant further study as a possible locally important source of carbon export. This enhanced understanding of the drivers of the Sargassum seasonal cycle should help inform management of fisheries dependent on Sargassum habitat, and forecasting of costly Sargassum wash-up events in the Caribbean and Gulf of Mexico.
